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I. Statement of Problem Studied

The central theme of this work has been the use of electromagnetically

induced transparency (EIT) for new types of nonlinear interactions and

processes. We have emphasized work in two areas: (1) the generation of

femtosecond pulses by phased and anti-phased molecular states, and (2) the

demonstration of elementary nonlinear processes at low-light-levels. The work

in both of these areas substantially extends the capabilities of optical scientists

and engineers. Though we always think of optical fields as basically sinusoidal,

they might, for example, soon be nearly triangular. Such waveforms may allow

new types of optical-material interaction. The work on low-light-level

nonlinear optics is ultimately aimed at the interaction of localized single

photons. Though there is a long way to go here, electromagnetically induced

transparency offers one of the most promising avenues.

The work in both areas reported here have been jointly supported by the

Air Force Office of Scientific Research, the Air Force Research Laboratory and

the Army Research Office. The work in area (2) has been jointly supported by

the Multidisciplinary Research Initiative Program.



II. Summary of Most Important Results

The last several years have been very productive. Highlights of our work during this period include:

(1) The development of a new light source, which was used to produce femtosecond-time-scale
.),pulses with over an octave of optical bandwidth. These pulses were in turn used to
demonstrate phase control of multi-photon ionization under conditions where ionization
requires 11 photons of the lowest frequency of the spectra, or, five photons of the highest
frequency.
A. V. Sokolov, D. R. Walker, D. D. Yavuz, G. Y. Yin, and S. E. Harris, "Femtosecond Light
Source for Phase Controlled Multiphoton Ionization,"
Phys. Rev. Lett. 87, 033402/1-033402/4 (July 2001).

(2) We have invented a new technique for achieving a multiplicative increase in the total number
of generated sidebands for a Raman process. When phase-corrected, these sidebands
synthesize to a train of randomly times single-cycle pulses.
S. E. Harris, D. R. Walker, and D. D. Yavuz, "Raman Technique for Single-Cycle Pulses,"
Phys. Rev. A 65, 021801-1/021801-4 (January 2002).

(3) We have experimentally shown the use of rotational Raman generation with near-unity
conversion efficiency. The spectrum consists of 37 coherent sidebands covering over 20,000
cm"1 of spectral bandwidth and ranging from 1.37 [tm to 352 nm in wavelength.
D. D. Yavuz, D. R. Walker, G. Y. Yin, and S. E. Harris, "Rotational Raman Generation With
Near Unity Conversion Efficiency," Opt. Lett. 27, 769-771 (May 2002).

(4) A new type of focusing phenomena has been experimentally demonstrated in our lab. In this
regime the two-photon detuning from the Raman resonance controls the refractive index of
the medium.
D. R. Walker, D. D. Yavuz, M. Y. Shverdin, G. Y. Yin, A. V. Sokolov, and
S. E. Harris, "Raman Self-Focusing at Maximum Coherence," Opt. Lett. 27, 2094-2096
(December 2002).

(5) We have reported the experimental demonstration of a Raman technique that produces 200
sidebands, ranging in wavelength from 3 [tm to 195 nm. This work showed mutual phase
coherence among 15 visible sidebands covering 0.63 octaves of bandwidth.
D. D. Yavuz, D. R. Walker, M. Y. Shverdin, G. Y. Yin, and S. E. Harris,
"Quasi-Periodic Raman Technique for Ultrashort Pulse Generation,"
Phys. Rev. Lett. 91, 233602/1-233602/4 (December 2003).

(6) We have demonstrated an efficient nonlinear optical process at an energy level at about 23
photons per square wavelength. This occurs in a rather unique system, which absorbs two
photons, but which will not absorb a single photon.
D. A. Braje, V. Balic, G. Y. Yin, and S. E. Harris, "Low-Light-Level Nonlinear Optics with
Slow Light," Phys. Rev. A 68, 041801/1-041801/4 (October 2003).

(7) In recent work we have demonstrated the generation of a train of single-cycle optical pulses,
each with a pulse length of 1.6 fs. We believe that this is a major accomplishment.
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PHYSICAL REVIEW A 67, 041803(R) (2003)

Spatial Raman solitons

D. D. Yavuz, D. R. Walker, and M. Y. Shverdin
Edward L Ginzton Laboratory, Stanford University, Stanford, California 94305

(Received 20 December 2002; published 22 April 2003)

We predict multifrequency spatial soliton propagation in a strongly driven Raman medium. The essential
idea is the adiabatic preparation of a near-maximum molecular coherence.

DOI: 10.A103/PhysRevA.67.041803 PACS number(s): 42.50.Gy, 32.80.Qk, 42.65.Dr, 42.65.Tg

It has been recently dembnstrated [1-3] how adiabatically have demonstrated a comb of Raman sidebands with an ef-
prepared molecules can generate a collinearly propagating fective 21r area that propagates without change in their tern-
comb of Raman sidebands with many octaves of spectral poral shape in a self-induced transparencylike manner. Corn-
bandwidth. This is achieved by driving a Raman medium bining the concepts of spatial and temporal solitons has
with two linearly polarized, single-mode laser fields whose produced the idea of light bullets, a simultaneous self-
frequency difference is slightly detuned from the Raman trapping in space and time [16]. The work presented in this
resonance. When the intensities of the two driving lasers are paper can be considered as the spatial analog of recently
sufficiently large, the magnitude of the coherence of the Ra- predicted EIT-like (electromagnetically induced transpar-
man transition approaches its maximum value IPabl-0.5. ency) Raman eigenvectors where the Raman nonlinearity
The generation and the phase slip lengths become compa- was used to exactly compensate for the dispersion [17].
rable, and a very broad collinear spectrum is produced with We begin by developing the formalism for a model mo-
phase-matching playing a negligible role. We have demon- lecular system interacting with two opposite circularly polar-
strated the generation of vibrational and rotational Raman ized driving lasers (termed the pump and the Stokes). Noting
spectra covering the infrared, visible, and ultraviolet regions, Fig. 1, we consider two-dimensional propagation (one
in molecular deuterium (D2) and hydrogen (H2) [2,3]. In transverse dimension) of the driving lasers with electric-
related work, Hakuta and co-workers have reported the gen- field envelopes Ep(x,z,t) and E,(x,z,t) such that the
eration of a comb of vibrational sidebands in solid H2, and total field is t(x,z,t) = Re{(Ep(x,z,t)exp[j(wot-kz)]
rovibrational sidebands in a liquid hydrogen droplet [4-6]. +E.(xz,t)exp[j(wot--ksz)])}. The coherence (off-diagonal

When the two driving lasers are opposite circularly polar- density-matrix element) of the Raman transition is
ized, conservation of angular momentum forbids the genera- b(x,z,t)=Re{Pb(X,Z,t)eýplj((W,-o.)t _(kp-k,)z)]}"
tion of additional sidebands [7]. Instead, the established mo- Ab is the two-photon d )i(ng from the Raman resonance
lecular coherence modifies the refractive indices of thedrivingfrequecies [,9).oNting Fi. 1,)dpendin on th kp=(,)plc and k.,=owlc.
driving frequencies [8,9]. Noting Fig. 1, depending on the m When the detunings from one-photon resonances are large
Sign of the Ramnan detuning A w, the molecular coherence and for the ideal case of zero linewidth of the Raman tran-

Pab is either in phase (phased state) or out of phase (an s the temporal evolution of the probability amplitudes
tiphased state of the molecular system) with the strong two- of Raman states m a) and Ib) is described by the following

photon drive. The refractive indices of the driving frequen- effective Hamiltonian [1,9]:

cies are then either enhanced (phased) or reduced
(antiphased) [9]. This variation in the refractive index can
cause self-focusing or self-defocusing of the driving lasers,
significantly altering beam diffraction. We have recently ob- __

served this effect, producing a change of -50% in beam size
by controlling the phase of coherently rotating H2 molecules
[10].

In this paper, for the first time to our knowledge, we dem-
onstrate the existence of spatial solitons in such a strongly
driven Raman system. We show that two driving lasers with
specific spatial profiles will drive the Raman coherence such . C
that the effects of diffraction will be exactly canceled by
Raman self-focusing (bright soliton)'or self-defocusing (dark
soliton).

In pertinent prior work, spatial solitons have been ob- Aw-..,,. -- b)
served in many different systems including three-frequency 1a
solitons in media with second-order nonlinearity [11,12].
Several authors have predicted formation of multifrequency FIG. 1. Energy-level schematic showing the interaction of the
spatial solitons in media with self- and cross-phase modula- two driving lasers with the molecular states. In the configuration
tions [13]. There is an extensive literature on temporal Ra- shown, the two-photon detuning A w is positive (phased eigenstate),
man solitons [14,15]. In particular, Kaplan and Shkolnikov as required for bright soliton formation.

1050-2947/2003/67(4)/041803(4)/$20.00 67 041803-1 02003 The American Physical Society
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Low-light-level nonlinear optics with slow light

Danielle A. Braje,* Vlatko Bali6, G. Y. Yin, and S. E. Harris
Edward L Ginzton Laboratory, Stanford University, Stanford, California 94305, USA

(Received 25 April 2003; published 15 October 2003)

Electromagnetically induced transparency in an optically thick, cold medium creates a unique system where
pulse-propagation velocities may be orders of magnitude less than c and optical nonlinearities become exceed-
ingly large. As a result, nonlinear processes may be efficient at low-light levels. Using an atomic system with
three, independent channels, we demonstrate a quantum interference switch where a laser pulse with an energy
per area of '-23 photons per \2/(27r) causes a lie absorption of a second pulse.

DOI: 10.1103/PhysRevA.68.041801 PACS number(s): 42.50.Gy, 32.80.Pj, 42.65.An

Interacting single photons, perhaps in an entangled state, In the actual atomic system, the three mF states of the
are ideal candidates for applications in quantum information 5St12(F= 1) ground level are populated. With the polariza-
processing [1]. Because the strength of the interaction of tions as depicted in Fig. 1, there are three, parallel and inde-
single light quanta is typically weak, conventional nonlinear pendent channels, each of which contributes to the total sus-
optics requires powerful laser beams focused tightly in non- ceptibility.
linear materials. When electromagnetically induced transpar- In the following paragraphs, we compare the experimental
ency (EM [2] is established in an optically thick rnedium results with calculated quantities. The calculation includes
with narrow resonance linewidths [3], a light pulse may ex- dephasing and extends the results of Harris and Yamamoto
perience exceedingly large nonlinearities, and nonlinear op- [10] to the three, parallel channels of Fig. 1. We take the
tical processes may become efficient at energy densities as magnitude of the probe-laser Rabi frequency 10"11 to be
low as a photon per atomic cross section [4]. Low-light-level sufficiently small as compared to the coupling laser Rabi
nonlinear optics has been orfiecent interest in the context of frequency 10'"I so that the atomic population remains al-
resonant four-wave mixing [5], teleportation of atomic en- most completely in the level 11). The susceptibility at the
sembles [6,7], production of correlated photon states [8], and probe frequency of the multistate system is
quantum computation [9]. Ultimately, one may envision a
waveguide geometry of an area X 2 /(21r) where a photon Af('1) 2
interacts with another photon by shifting its phase, by caus- X=
ing it to be absorbed, or by generating a third photon. Be- 1 h -4

cause the peak power of an individual photon may be varied X[ Il(012
by changing its bandwidth, the figure of merit for low-light- $j - A . (1)
level nonlinear optical processes, as used here, is energy per 4APA I . I 2

AoJ

area rather than power per area.
This paper focuses on an EIT-based, two-photon absorp- r codi gimspong,

tive process suggested by Harris and Yamamoto [10] and M "
observed by Zhu and co-workers [11]. Conceptually, this ef- -op

fect is the absorptive analog of the giant Kerr effect [12]. We EIT & NLO--""--

report the demonstration of switching in an optically thick - 'o • - '- ,
regime where a pulse with energy per area of -23 photons Tr im t= - •Tp
per X2/(27r) causes a lie absorption of a second pulse.

The lower portion of Fig. 1 shows both the prototype 14) SPW (F'= 3)
(lower left) and actual (lower right) atomic system used in coothe experiment. The coupling laser, tuned to the 12)--13) 1 5 13 (F'=2)

transition with Rabi frequency fl, m /. 23E/Ii, creates a quan- sp (-
tum interference which cancels the absorption and dispersion I[ii
of the probe laser. Consequently, a 'probe laser of angular .
frequency &), has a slow group velocity and no absorption in 12 .'. 5 1 1 2 (Fi2)
the EIT medium [2]. The magnitude of the coupling laser and op
the optical depth of the medium determine both the allow-
able, EIT bandwidth and the group velocity of the probe
beam. When a switching laser of angular frequency ts is FIG. 1. (Color online) The experiment is performed in a 100-/As
applied, a second path is opened and simultaneous absorp- window 50 js after shutting off the magnetic field and trapping
tion of a probe and switching photon occurs. lasers. The upper right comer depicts the laser beam orientations

and polarizations. The lower left shows the prototype, four-level
system; the lower right is the actual 8 7Rb system used in the ex-

*Electronic address: brajemanuszak@stanford.edu periment.

1050-294712003168(4)1041801 (4)/$20.00 68 041801-1 @2003 The American Physical Society
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Quasiperiodic Raman Technique for Ultrashort Pulse Generation

D. D. Yavuz, D. R. Walker, M.Y Shverdin, G. Y Yin, and S. E. Harris
Edward L Ginzton Laboratory, Stanford University, Stanford, California 94305, USA

(Received 6 June 2003; published 3 December 2003)

We report the experimental demonstration of a new Raman technique that produces 200 sidebands,
ranging in wavelength from 3 utm to 195 nm. By studying multiphoton ionization of nitric oxide (NO)
molecules, we show mutual phase coherence among 15 visible sidebands covering 0.63 octaves of
bandwidth.

IDO: 10.1103/PhIsRevLett.91.233602 PACS numbers: 4250.Gy, 32.80.Qk, 42.65.Dr, 42.65.Re

A new approach for generating ultrashort pulses of IE(t) - E(t- r,)I < e, (2)
radiation utilizes coherently oscillating molecules [1,2].
Two laser fields, whosefrequency difference is slightly for all t. The key advantage of the quasiperiodic tech-
detuned from a Raman resonance, will prepare the mole- nique is that the number of sidebands that is produced is
cules in a superposition of states 1g) and I e) (Fig. 1). When equal to the product of the number of sidebands generated
the intensities of the two driving lasers are sufficiently by each Raman excitation alone. If the respective cells
large, the magnitude of the coherence of the -Raman produce Na and Nb sidebands, then the two cells in series
transition approaches its maximum value, Ipg4l = 0.5. produce a total of NaNb sidebands with a bandwidth of
Such a coherently vibrating ensemble of molecules acts NaWa + Nbwb. By adjusting the phases of the respective
as a local oscillator and modulates the driving lasers, Fourier components of this spectrum, we may obtain a
producing collinear sidebands spanning over four octaves waveform with a prescribed temporal shape. This wave-
of bandwidth. Recent experiments have demonstrated the form is quasiperiodic; i.e., at seemingly random times, the
generation of vibrational and rotational Raman spectra prescribed pulse comes close to replicating itself. These
covering the infrared, visible, and ultraviolet spectral replications occur with an average periodicity of [4]
regions in molecular deuterium (D2), hydrogen (H2), N.Nb
and solid H2. Sokolov and colleagues have shown phase T = (2Tr) (3)
coherence among five vibrational Raman sidebands and N.w. + Nb&b

demonstrated the generation of a near-single-cycle pulse This average periodicity may be made quite large. For
structure [3]. Two limitations of this Raman technique example, if Wa - tb and Na, Nb, T - 7rNa/ W. For
are (i) the generated number of sidebands is low, limiting Na = Nb = 30 and Wa - tb 500 cm- 1 , the average
the number of terms of the Fourier series available for periodicity is 1 ps. Mode locking such a spectrum would
temporal pulse shaping, and (ii) the synthesized time produce pulses with a maximum peak power enhance-

waveform is a periodic train of pulses with a pulse spac- ment of about 900. This waveform will have pulses within
ing which is determined by the Raman transition fre- 80% of maximum enhancement on average once every
quency. As an example, in D2 , the v" = 0 - v' = 1 several picoseconds with smaller amplitude pulses occur-
vibrational transition is 2994 cm- 1 and the time between ring more frequently.
pulses is 11 fs. We cite related earlier work: The idea of using a

In this Letter we demonstrate a quasiperiodic Raman Raman spectrum for synthesizing ultrashort pulses was
technique that overcomes these limitations [4]. Noting
Fig. 1, we drive two Raman resonances with different
oscillation frequencies and produce 200 sidebands with Deuterium (D2 ) Hydrogen (H2)
frequencies of the form 0

oq,r -- o + qioj + rWb, (1) ' 04

where q and r are integers and oja and Wb are the fre- t,o _e)

quencies of the respective Raman transitions. We demon-
strate phase coherence among 15 sidebands by studying H • C I, qo,
multiphoton ionization of nitric oxide (NO) molecules. In FIG. 1. Schematic of successive molecular modulators. A pair
general, the ratio of the two transition frequencies, of lasers drives coherent vibrations in molecular D2 , whereas
Wa/1b, is irrational. As a result, the double Fourier series another pair drives coherent rotations in H2. The frequency
of Eq. (1) synthesizes a quasiperiodic time waveform E(t). difference of the driving lasers is slightly detuned from the
Formally, quasiperiodicity means that, for every e > 0, Raman resonance so as to adiabatically prepare the molecules
there exists a r, such that [5] in a superposition state.

233602-1 0031-9007/03/91(23)/233602(4)$20.00 © 2003 The American Physical Society 233602-1



Available online at www.sciencedirect.com

SCIENCE DIRECTS OpTICS

COMMUNICATIONS

E VOptics Communications 234 (2004) 253-257

www.elsevier.com/locate/optcom

Elimination of Feshbach loss in a Bose-Einstein condensate

-- D.D. Yavuz *

Edward L Ginzton Laboratory, Stanford University, Stanford, CA 94305, USA

Received 23 January 2003; received in revised form 14 July 2003; accepted 10 February 2004

Abstract

We suggest a technique to eliminate inelastic losses in an atomic condensate when tuned close to a Feshbach res-
onance. The key idea is to couple the quasi-bound molecular state to a bound molecular state with an electromagnetic.
field. Such coupling forces the population of the Feshbach state to zero, thereby eliminating all of the losses associated
with this state.
o 2004 Elsevier B.V. All rights reserved.

PACS: 34.50.-s; 32.80.Qk; 32.80.Pj

In recent experiments on Bose-Einstein con- couple the quasi-bound molecular state to a bound
densates large loss rates were observed when a molecular state with an electromagnetic field. Due
quasi-bound molecular state was tuned slowly to destructive interference, the quasi-bound mo-
close to a Feshbach resonance with an atomic lecular state accumulates no population and all of
condensate [1,2]. Although the precise mechanism the losses associated with this state are eliminated.
for this loss is not understood, it is likely that the The nature of this interference has strong similar-
loss is associated with the population of the quasi- ities with electromagnetically induced transpar-
bound molecular state. As suggested by Yurovsky ency (EIT) for light fields, where an incident
et al. [3], one mechanism which causes loss is three optical beam tuned to what was previously line
body recombination. center has near zero absorption [5].

In this work we extend the suggestion of Harris A schematic of the system to be studied is
[4] to coupled, zero-temperature, atomic and mo- shown in Fig. 1. The energy of the atomic con-
lecular condensates, and demonstrate a technique densate is magnetically tuned close to a Feshbach
to eliminate Feshbach loss. The' key idea is to resonance with the quasi-bound diatomic mole-

cules. We assume that the quasi-bound molecules
decay with a rate ri. The quantity 17 in Fig. 1 is the

Present address: U`W at Madison Physics Department, 1150 Rabi frequency of the electromagnetic field that

University Avenue Sterling Hall, Madison, Wl 53705, USA. couples the quasi-bound and bound molecular
Tel.: +608-265-7894; fax: +650-725-4115. states. In symmetric molecules this transition is

E-mail address: dyavuz(ystanfordalumni.org (D.D. Yavuz). dipole forbidden and Q2 is the effective two-photon
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(2+1)-dimensional stable spatial Raman solitons

M. Y. Shverdin, D. D. Yavuz, and D. R. Walker
Edward L Ginzton Laboratory, Stanford University, Stanford4 California 94305, USA

(Received 8 September 2003; published 3 March 2004)

We analyze the formation, propagation, and interaction of stable two-frequency (2+ 1)-dimensional solitons,
formtd in a Raman media driven near maximum molecular coherence. The propagating light is trapped in the
two transverse dimensions.

DOI: l0.1103/lhysRevA.69.031801 PACS number(s): 42.65.Dr, 42.65.Tg, 42.50.Gy, 42.65.Jx

The generation of stable spatial optical solitons is of great and y). We assume no time variation in the propagating beam
interest due to the variety of the solitons' interactions, their profiles. Experimentally, this can be realized using flat-top
particlelike characteristics, and their potential technological pulses. The slowly varying envelope propagation equations
applications [1]. Spatial soliton formation requires a balance for the pump and the Stokes beams at steady state are
between the beam's tendencies to self-focus and diffract. In
bulk (three-dimensional (3D)] media, such propagation is 2kp +j + __2  = -j2 rOkpN(a~ppEp
unstable, unless the focusing nonlinearity saturates with the a Z dx2  2

intensity [2,3]. Experimentally, spatial (2+ l)-dimeisional
solitons have been demonstrated in a variety of physical sys- + dppbbEp + b pNbES),

temns, including photorefractive media [4,5], quadratic media
(6,7], and saturable Kerr media [8,9]. While the equations 2k, E. / 52E JE+
governing the various types of self-trapped waves differ, the 2k3 dz + - + = -j2 71w~k/N(aspE 3 + dS;bbE3

fundamental propagation aqd interaction properties remain + bp,,Ep) (1)
the same (10].

We have recently proposed a method for generating spa- where N is the molecule number density and i7=(pJ/ 0)112.
tial Raman solitons [11]. We adiabatically prepare a Raman The population in the two states 1a) and 1b) are given by pa
transition in a single eigenstate near maximum molecular and pa,. The molecular coherence of the two levels, pab (off-
coherence by driving the medium with two opposite circu- diagonal density-matrix element), is responsible for the in-
larly polarized laser fields whose frequency difference is tensity dependence of thell~fractive index. The dispersion
slightly detuned from the Raman resonance (Fig. 1). De- coefficients at the pump and the Stokes frequencies, ap, as,
pending on the sign of the detuning Aw, the adiabatically dp, d3, and the coupling coefficient b, are calculated else-
established molecular coherence is either in phase or out of where [19]. When the matrix elements of the Hamiltonian
phase with the strong two-photon drive. Angular-momentum that describes the evolution of the molecular system vary
conservation rules prevent Stokes arid anti-Stokes sideband slowly compared to the separation of the eigenvalues of the
generation [12].. Instead the molecular coherence modifies
the refractive indices of the driving lasers [13-15] and leads
to either focusing or defocusing, depending on the sign on _ _i_

the detuning [16]. An appropriate choice of the input inten-
sities and the two-photon detuning from the Raman reso-
nance leads to bright (Aw >0) or dark (Aw < 0) soliton for-
mation.

In this paper, we extend the analysis of bright Raman
solitons to three spatial dimensions. We numerically and
theoretically demonstrate that these solitary waves are stable Stokes pump
to perturbations and survive soliton-soliton collisions. Stabil-
ity is achieved by operating near maximum molecular coher-
ence, IpbI - 1/2, and thereby saturating the Raman nonlin-
earity with the laser intensity. Adiabatic preparation of near fb)
maximum coherence is essential and ties this work to broad- AW.
band Raman generation [17] and electromagnetically in-
duced transparency [ 18].

Following Ref. [19], we consider a model Raman system /a)
excited with opposite circularly polarized pump, E,, and
Stokes, Es, lasers, oscillating at frequencies wop and w%. The FIG. 1. Energy-level diagram of a sample Raman system driven
analysis applies to beams propagating along the z axis with by two opposite circular polarized fields. As shown, the two-photon
the electric field oscillating in two transverse dimensions (x detuning is positive leading to self-focusing.
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We have demonstrated that coherent molecular modulation can result in the collinear

generation of mutually-coherent spectral sidebands that extend in frequency from the in-

frared to the far ultraviolet. Our technique-.is based on adiabatic preparation of a highly
coherent molecular superposition-state, which is achieved by using narrow-linewidth lasers

slightly detuned from a Raman resnance. The phases of the resultant Stokes and anti-

Stokes sidebands are adjusted in order to synthesize desired single-cycle pulse trains at the

target. In this article we review recent improvements and developments in this area, includ-

ing: techniques for increasing the number of generated sidebands; synchronization of the

pulse trais with the molecular motion in the given molecular system; laser self-focusing and
spatial soliton formation due to the coherent interaction of light with oscillating molecules.

In the future, this Raman source may produce sub-cycle optical pulses, and allow synthesis

of waveforms where the electric field is a predetermined function of time, not limited to a

quasi-sinusoidal oscillation.

PACS numbers: 42.50.Gy, 42.50.Hz, 42.65,Dr, 42.65.Re

Introduction

The important role of electronic pulse shaping in the microwave and radio frequency regions

of the spectrum is well known. Over the last several years we have developed techniques, which

allow pulse shaping in the optical and ultraviolet portions of the electromagnetic spectrum. In

particular, we have made a light source that has almost four octaves of optical bandwidth and

extends from 3 ;Am in the near-infrared to at least 195 nm in the ultraviolet. In recent experiments

we have used both manual and electronic techniques to control the phases of a small subset of these

sidebands and to thereby make femtosecond pulses with a desired pulse shape.

The prototype system for generating a broad coherent spectrum is shown in fig. 1. We apply two

lasers, in this case Nd:YAG and Ti:Sapphire, whose frequency difference is equal to the fundamental

vibrational frequency of molecular deuterium. As explained further below, it is important that



Generation of a Single-Cycle Optical Pulse

M. Y. Shverdin. D. R. NWalker, D. D. Yavuz,* G.Y. Yin, and S. E. Harris

Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305

(Dated: July 20, 2004)

Abstract

We make use of coherent control of four-wave-mixing to the ultraviolet as a diagnostic and

describe the generation of a periodic optical waveform where the spectrum is sufficiently broad

that the envelope is approximately a single cycle in length, and where the temporal shape of this

envelope may be synthesized by varying the coefficients of a Fourier series. Specifically, using seven

sidebands, we report the generation of a frain of single-cycle optical pulses with a pulsewidth of

1.6 fs, a pulse separation of 11 fs, and a peak power of 1 MW.
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